The antibacterial activities of ‰avonoids were found by the paper disk method to be enhanced by combining or mixing them. The combinations of quercetin and quercitrin, quercetin and morin, and quercetin and rutin were much more active than either ‰avonoid alone. Although rutin did not show activity in itself, the antibacterial activities of quercetin and morin were enhanced in the presence of rutin. The antibacterial activities of ‰avonoids, in combination with morin and rutin, were evaluated, based on the minimum inhibition concentration (MIC) in a liquid culture, by using Salmonella enteritidis and Bacillus cereus as the test bacteria. The activities of galangin, kaempherol, myricetin andˆsetin were each enhanced in the presence of rutin when S. enteritidis was used as the test bacterium. The MIC value for kaempherol was markedly decreased by the addition of rutin. Morin inhibited DNA synthesis, and this eŠect was promoted by rutin at a concentration of 25 mg W ml.
gistic eŠect; ‰avonoid Antibacterial compounds have been reported in plants. [1] [2] [3] The spoilage and poisoning of food by microbes remain problems, despite the range of techniques available for preserving food. There has recently been a tendency to avoid the use of synthetic preservatives due to consumer health concerns. Thus, the need for natural alternatives is increasing. Tea leaves containing catechins, epicatechingallate and gallocatechin gallate have activity against Escherichia coli.
4) Many phenolic compounds such as ‰avonoids have been detected in plants: [5] [6] [7] both naringenin and ‰avone have been reported to have antibacterial activities. [8] [9] [10] Flavonoids have been reported to enhance the antibacterial, antiviral or anti-cancer activities of such compounds as naringenin, acycloguanosine and tamoxifen. [11] [12] [13] [14] The advantage of such a synergistic eŠect is not only stronger activity, but also a reduction in the quantity of the agent and fewer consequent side eŠects. 15, 16) It was found in the present study that the antibacterial activity was reinforced by ‰avonoids when using S. enteritidis and B. cereus as test bacteria. Natural ‰avonoid preparations are mixtures, and their activity is greater than that of pure ‰avonoids. 17, 18) Therefore, rutin, which itself has no antibacterial activity, was investigated for its synergistic eŠects on the activity of ‰avonoids.
Materials and Methods
Materials. Kaempherol, quercetin, quercitrin, rutin, morin, thymidine and uridine were purchased from Wako Pure Chemical Industries (Osaka, Japan). Galangin was obtained from Aldrich Chemical Company (Tokyo, Japan), myricetin and naringenin were from Nacalai Tesque (Kyoto, Japan), and naringin was from Tokyo Kasei Kogyo Co. (Tokyo, Japan). The structures of the ‰avonoids used in this study are shown in Fig. 1 [4, H(N)]-leucine were obtained from PerkinElmer Life Science Japan (Tokyo, Japan).
Antibacterial activity. The antibacterial activity of each ‰avonoid was assayed by the paper disk method established by Joengmok et al. 19) and is expressed by the minimum inhibitory concentration (MIC) as described by Nishina et al.
20)
Bacillus cereus ATCC11778 and Salmonella enteritidis #1 were used as the test bacteria.
Paper disk method. The test bacteria cultured overnight in nutrient broth were spread on nutrient broth-agar in Petri dishes. Each ‰avonoids was dissolved in methanol, an aliquot (10 ml) of the solution was dropped on to a paper disk (6 mm diameter, Whatman No. 2ˆlter paper), and the air-dried paper disk was paper disk was then placed on the agar. After incubating for 24 hours at 379 C, the agar was examined for a clear zone surrounding the disk, the zone being measured with a transparent ruler, and the diameter recorded in mm. Activity was also assayed by the cup method with a stainless steel cup (8 ×10 mm) instead of the paper disk.
Determination of the minimum inhibitory concentration (MIC). A bacterial culture in Mueller-Hinton broth (Difco Laboratory) that had been incubated for 24 h was diluted 1000-fold with the same broth. An aliquot (0.9 ml) of the diluate was mixed with 0.1 ml of a ‰avonoid solution that had been dissolved or suspended in 10z aqueous dimethyl sulfoxide (DMSO) in a sterilized culture tube. After incubating overnight at 379 C, the growth of the test bacterium was determined by measuring the turbidity. MIC is expressed as the minimum concentration of ‰avonoid to not show turbidity. 20) Fractional inhibitory concentration (FIC). It was investigated by evaluating FIC 12, 16) whether the increase in antibacterial activity observed with a mixture of two ‰avonoids was synergistic or additive. FIC is expressed by the following formula: FIC＝A W Ma+B W Mb, where A and B are the respective amounts of compounds A and B at the MIC for the mixture, and Ma and Mb are the respective MIC values of compounds A and B. The eŠect of two compounds in the mixture was judged to be synergistic when the FIC value was smaller than 0.9 and additive when it was 0.9 to 1.1, according to the method of Mucsi et al.
12)
Incorporation of radioactive precursors into bacterial macromolecules. To elucidate whether ‰avo-noids could inhibit the synthesis of DNA in the test bacteria, the incorporation of radioactive thymidine into bacterial cells was studied according to the method of Tomono et al. 21) An aliquots (0.1 ml) of the culture that had been incubated overnight at 379 C was added to 0.4 ml of Mueller-Hinton broth containing 1 mM [methyl-
3 H]thymidine (ˆnal concentration of 1 mCi) and a ‰avonoid (0 to 50 mg). After incubating at 379 C for 2 h, the culture was centrifuged at 10,000 rpm for 10 min, and the supernatant was decanted. The pellet was washed twice with phosphate-buŠered saline (PBS), and then suspended in 100 ml of 5z sodium dodecyl sulfate (SDS). The cell suspension (50 ml) was dropped on to a glassˆlter (Whatman GF W C) which was then successively washed with 5z TCA, ethanol and acetone, andˆnally air-dried. The intensity of the radioisotope was analyzed with toluene-based scintillation reagent using an Aloka LSC-5100 liquid scintillation counter. The eŠects of the ‰avonoids on RNA and protein synthesis were also analyzed in a similar manner, using [5,6- 3 H]uridine and L- [4, H(N)]-leucine, respectively, instead of radioactive thymidine.
Analysis of ‰avonoids in the culture. To assess the stability of the ‰avonoids in the culture with test bacteria, the amount remaining after culturing was analyzed. A test bacterium was added to Mueller-Hinton broth containing 1 W 10 the concentration of a ‰avo-noid required to inhibit the growth of the bacterium. After incubating for 24 h at 379 C, the same volume of 10z TCA was mixed with the culture. The mixture was centrifuged at 10,000 rpm for 20 min. The ‰avonoid in the supernatant was extracted 3 times with ethylacetate, the resulting extracts being combined and then dried under a stream of nitrogen gas. The amount of the ‰avonoid was analyzed by highperformance liquid chromatography (HPLC) in a CapcellPak C-18 column (2.5×250 mm, Shiseido) connected to a Shimadzu L7455 UV spectrophotometer. The system was developed a ‰ow rate of 1 ml W min with 52.5z (v W v) aqueous methanol containing 0.1z tri‰uoroacetic acid.
Results

EŠect of combining ‰avonoids on their antibacterial activities
The antibacterial activity was analyzed by the paper disk method using S. enteritidis and B. cereus as the test bacteria. Figure 2 shows the diameter of the zone surrounding the disk treated with each ‰avo-noid or in combination when S. enteritidis was used. Morin and quercetin each showed antibacterial activity at 100 mg W disk, but rutin was inactive even at 400 mg W disk. The mixture (200 mg W disk each) of quercetin and quercitrin produced a remarkably large The bacterium was incubated for 24 h with each ‰avonoid or in combinatioin. M 100 expresses that 100 mg of morin was applied to the disk. Each disk was 6 mm in diameter. Rutin alone did not exhibit any antibacterial activity, even at a concentration À1000 mg W disk. The diameter of the inhibition zone is expressed as the mean value with SD fromˆve independent experiments. The bacterium was incubated for 24 h with each ‰avonoid or in combinatioin. M 100 expresses that 100 mg of morin was applied to the disk. Each disk was 6 mm in diameter. Rutin alone did not exhibit any antibacterial activity, even at a concentration À1000 mg W disk. The diameter of the inhibition zone is expressed as the mean value with SD fromˆve independent experiments. The concentration of each test compound alone was 400 mg W disk and in combination was 100 mg W disk. Each disk was 6 mm in diameter. The diameter of the inhibition zone is expressed as the mean value with SD fromˆve independent experiments. zone surrounding the disk. An increase in the inhibition of bacterial growth was also observed when quercetin and rutin, quercetin and morin, quercitrin and morin, or morin and rutin were combined. Similar results were obtained when B. cereus was used as the test bacterium (Fig. 3) , and the results were reproduced by the cup method (data not shown). The inhibition zones were also markedly increased when three or four ‰avonoids were combined as shown in Figs. 4 and 5.
EŠect of combining ‰avonoids on their MIC values
It was found by the paper disk method that combining the ‰avonoids enhanced their individual antibacterial activities (Figs. 2 and 3 ). To conˆrm these results, each ‰avonoid or a combination was added to the liquid culture medium, and the growth of the bacteria was investigated. The antibacterial activity is expressed by the minimum inhibitory concentration (MIC). Table 2 shows the MIC values for individual ‰avonoids and their combinations evaluated with S. The concentration of each test compound alone was 400 mg W disk and in combination was 100 mg W disk. The diameter of inhibition zone is expressed as the mean value with SD from ve independent experiments. Each bacterium was added to Mueller-Hinton broth and incubated at 379 C for 24 h.
1) The concentration of rutin was 100 mg W ml.
enteritidis and B. cereus as the test bacteria. The MIC values for quercetin and morin were 250 and 150 mg W ml, respectively. Quercitrin had little activity (MIC of 800 mg W ml) and rutin had no activity even at 1000 mg W ml. An increase in the inhibitory activity was observed when combining quercetin and quercitrin, quercetin and morin, quercetin and rutin, or morin and rutin against S. enteritidis. To interpret the combined eŠects of these ‰avonoids, the FIC index 12) was used.
Antibacterial activity of various ‰avonoids in the presence of rutin
It was investigated whether the antibacterial activities of ‰avonoids other than quercetin and morin would be enhanced by rutin. As shown in Table 3 , the activities of galangin, kaempherol, myricetin and setin were also enhanced in the presence of rutin, when S. enteritidis was used as the test bacterium. Notably, the MIC value for kaempherol was decreased to 50 mg W ml in the presence of rutin. However, when B. cereus was used as the test bacterium, inhibitory eŠects of the ‰avonoids, with the exception of morin, were hardly in‰uenced by rutin.
Stability of quercetin and morin with or without rutin in the culture medium Each bacterium was cultured in a medium containing a ‰avonoid or combination (20 mg W ml, about one tenth of the MIC value), and the amount of the ‰avo-noid remaining in the medium was analyzed by HPLC. As shown in Fig. 6 , 85z of quercetin remained after an overnight culture with S. enteritidis, and about 75z of morin and rutin, respectively, remained. Additionally, quercetin was not detected in the culture containing rutin alone. When a mixture of these three ‰avonoids was added to the culture medium, 95z of quercetin and 85z of morin remained, the consumption of these ‰avonoids being hardly in‰uenced by the presence of rutin. Similar results were obtained with the cultivation of B. cereus.
EŠect of morin with or without rutin on DNA synthesis in bacteria
To elucidate the eŠect of morin and rutin on the synthesis of DNA, RNA and protein in bacteria, the incorporation of radioactive precursors was analyzed. Figure 7 shows the incorporation of [methyl-
3 H]thymidine, [5, H]uridine and L- [4, After the cultivating a bacterium in a medium containing each ‰avonoid alone and in combination (20 mg W ml each), the ‰avo-noid remaining in the medium were analyzed by HPLC. The percentage remaining was calculated on the basis of the medium containing the ‰avonoid without a bacterium. Each data value is expressed as the mean±SD (n＝5).  S. enteritidis;  B. cereus. dine, re‰ecting DNA synthesis, was strongly inhibited by morin at a concentration of 50 mg W ml or more, and unaŠected by rutin. Morin (12.5 mg W ml) in the presence of rutin (12.5 mg W ml) was also observed to inhibit the synthesis of DNA. In contrast, the inhibitory eŠect of morin on the synthesis of RNA and protein was not in‰uenced by rutin.
Discussion
The antibacterial activity of the ‰avonoids was found to be enhanced by mixing them when using S. enteritidis and B. cereus as the test bacteria. The combination of quercetin and quercitrin, quercetin and morin, morin and rutin, and quercetin and rutin was much more active than either ‰avonoid alone. Although rutin had no activity, even at 1000 mg W ml in a liquid culture, the antibacterial activity of morin was increased markedly by the presence of rutin. The MIC value for morin decreased as the concentration of rutin was increased (data not shown). The antibacterial activities of galangin, kaempherol, myricetin andˆsetin were also enhanced in the presence of rutin when S. enteritidis was used as the test bacterium.
It was interesting that the combination of two or more compounds resulted in greater functional activity than from either compound alone. Odds 22) has reported that the inhibitory activity against pathogenic fungi was greater by combinating the antifungal drugs, ammolphotericin B, ketoconazole and ‰uorocytocin, than from either drug alone. Flavonoids have been reported to enhance the anticancer or antiviral activity of drugs: the anticancer activity of tamoxifen was enhanced by combinating with tangeretin, 11) and the antiviral activity of acyclovir was enhanced by combinating with quercetin in a clinical application.
12) The combination of antibiotics has also been reported to show a synergistic eŠect. 15, 16) It has been reported that the synergistic eŠect of the antibiotics, netilmycin, vancomycin and b-lactam antibiotic, was based on the cooperation action of each antibiotic such as the inhibition of protein synthesis, peptideglycan synthesis and cell-wall synthesis. 16) In the present study, morin inhibited DNA synthesis of the test bacteria at a lower concentration than MIC in the presence of rutin. Although ‰avo-noids inhibit the synthesis of DNA, RNA and related macromolecules, [23] [24] [25] we have no conclusive evidence yet for the enhancing eŠect of rutin on the antibacterial activity of ‰avonoids, and further studies need to be done to make clear the mechanism for this.
